confers germ plasm localization in both zebrafish and RNA in blastula stage embryos (Figures 1Ai and 1Aj) . The localization pattern of vasa transcripts in post blastula Xenopus. In agreement, we find that the ostariophysan vasa 3ЈUTRs which contain this element are sufficient stage rainbow fish and trout could not be analyzed due to the lack of embryos. However, a recent study showed for RNA localization, while the euteleost vasa 3ЈUTRs which lack this element are not. Furthermore, we find that vasa transcripts are specifically present in presumptive PGCs in 80 somite stage trout embryos [28] . that vasa RNA also localizes to the germ plasm in butterfly fish, a basal teleost species, and that its 3ЈUTR also Importantly, in freshwater butterfly fish, the most basal teleost species analyzed, vasa transcripts are localized is sufficient for this localization in injected Xenopus oocytes. Based on these observations, we draw three conduring oogenesis similar to the pattern seen in ostariophysan oocytes (Figure 1Bd , compare to zebrafish ooclusions. First, vasa RNA localization to the germ plasm appears to be an ancesteral feature in fish and frog cyte in Figure 1Ba and to medaka oocyte in Figure 1Bg ). Since vasa RNA is recruited to the zebrafish germ that depends on a functional localization element in the 3ЈUTR. Second, loss of this localization element during plasm and the germ plasm is localized subcellularly during oogenesis [13] , localization of vasa RNA in butterfly euteleost evolution is a likely explanation for the lack of localized vasa RNA. Third, the machinery responsible fish oocytes suggests that butterfly fish vasa RNA is also recruited to the germ plasm and presumably localized for this RNA localization is conserved between fish and frog. Moreover, we use the germ plasm localization sigduring embryonic cleavage stages. In support of this suggestion, we find vasa RNA during butterfly fish oonal within the vasa 3ЈUTR to localize and translate GFP RNA in the germline of transgenic zebrafish, allowing genesis in electron-dense structures that may represent the precursors of the forming germ plasm. In contrast, us to study PGCs in live zebrafish.
we failed to detect subcellular vasa RNA localization in medaka oocytes, although germ plasm is present [ . From these observations, we conclude that is responsible for germ plasm localization. As a first that vasa RNA localization is a basal feature in teleosts step toward this end, we used in situ hybridization to and that euteleosts have lost the ability to localize vasa test whether localization of vasa RNA in medaka (Oryzias RNA. latipes) resembles that of zebrafish. To our surprise, To investigate if the ability to localize vasa transcripts medaka vasa RNA is not localized during oogenesis correlates with conserved sequence elements, we comor early embryogenesis, although it is later specifically pared the sequences of (localized) ostariophyan vasa expressed in the PGCs of 7 somite stage embryos (FigRNAs with those of (nonlocalized) euteleost vasa RNAs. ures 1Ak and 1Al and [26] ). To understand the difference The most striking differences reside within the 3ЈUTRs in vasa RNA localization between zebrafish and medaka, of the two sets of transcripts analyzed. While the vasa we isolated and compared vasa transcripts of six addicoding sequences are highly conserved, the vasa tional teleost species. The species analyzed were cho3ЈUTRs from medaka, rainbow fish, and freshwater butsen such that the main clades of the phylogenetic tree terfly fish are half the length of the 3ЈUTRs from trout of the teleosts are covered. Of these six species the and the ostariophysans. Accordingly, we find the degree freshwater butterfly fish (Pantodon buchholzi) repreof nucleotide identity between zebrafish and the ostariosents the most basal species. Tetra (Hyphessobryon physan vasa 3ЈUTR higher than between zebrafish and ecuadoriensis), carp (Cyprinus carpio) and Fegrade's the euteleost vasa 3ЈUTR (Table 1 and Figure 2 ). In accordanio (Danio feegradei) are representatives of the ostaridance with that observation, the sequence alignment of ophysan clade, and trout (Oncorhynchus mykiss) and vasa 3ЈUTRs from the ostariophysan species (tetra, carp, rainbow fish (Melanotaenia fluviatilis) together with meand Fegrade's danio) to the vasa 3ЈUTR of zebrafish daka belong to the euteleost clade. The above described shows stretches of moderate to high sequence conserphylogenetic relationship is based on morphological vation which is not found in the vasa 3ЈUTRs of the studies [27] and is supported by the evolutionary diseuteleosts analyzed (Figure 2 ). To test whether this contances calculated for the vasa coding sequences from servation in sequence also is reflected in conserved the analyzed fish species (Figure 1Am) . secondary structures, we used the Zuker RNA folding To test if vasa RNA is distributed in a localized pattern program MFOLD [19] to predict the secondary structure in these additional six species, ovaries and embryos of all four ostariophysan vasa 3ЈUTRs. Based on these were stained for vasa RNA. In ostariophysans (Fepredictions, the analyzed 3ЈUTRs share four stretches grade's danio, carp, and tetra), vasa RNA is localized in of similar secondary structure (Figure 2 ), suggesting that blastula stage embryos to four subcellular clusters that they might be involved in vasa RNA localization. are later found specifically in presumptive PGCs (Figures  1Aa-1Ad, 1Ag, and 1Ah) porter transcripts fused to this 450 nucleotide region the germ plasm RNA localization machinery or at least some crucial elements in the machinery are not conalso leads to vegetal localization of reporter transcripts. This demonstrates that a functional localization element served in invertebrates (data not shown). is present within these 450 nucleotides ( Figure 3A) . 3ЈUTR fusion transcripts provides a novel in vivo marker for PGCs to study the germ cell migration in zebrafish (Movie 2). we generated transgenic zebrafish that express GFP fused to a set of vasa 3ЈUTR deletion constructs ( Figure  3A) . In order to express these constructs during zebra- Figures 3J and 3K) . These results show that the 180 nucleotide localization element is also required while cells that have not involuted continue to spread toward the vegetal pole as epiboly continues [31] . During to localize vasa RNA to the germ plasm during zebrafish oogenesis.
To test if the vasa 3ЈUTR localization element is also
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these morphogenetic movements, clusters of PGCs move along with neighboring cells toward the dorsal To address the question if localized GFP vasa 3ЈUTR fusion transcripts also lead to localized protein expresside of the embryo, aligning at a dorsal-lateral position. From this dorsal-lateral position, the PGC clusters move sion in the PGCs, we crossed female fish heterozygous for the GFP-vasa 3ЈUTR transgene to wild-type male fish toward the forming notochord at the level where the first somite will form. This translocation of the four PGC to generate embryos that only carry maternally supplied transcripts from the transgene ( Figure 4A ). In such emclusters toward the midline involves some active cell movement, since the PGCs orient themselves within the bryos, maternally supplied GFP-vasa 3ЈUTR fusion transcripts are detectable within the presumptive PGCs until moving stream of cells such that they move along similar routes toward the midline ( Figures 5A-5D and Movie 1). midsomitogenesis ( Figures 3B and 4B) . Analysis of GFP translation from these localized transcripts is compliAs the PGCs reach the notochord, they aggregate into a cluster on each side of the embryo. During somitogencated by maternal GFP protein which is present early on during oogenesis (H.K., unpublished data; Figure 4C In this study, we demonstrate that the zebrafish vasa 3ЈUTR contains a cis-acting signal that is sufficient to PGCs protrude filipodia in all directions and move more randomly and rapidly than their cluster-associated localize transcripts to the germ plasm in both zebrafish and Xenopus. Sequence comparison between different counterparts (5 mm/min compared to 1 mm/min). PGCs become separated from the PGC clusters because they teleosts shows that the vasa 3ЈUTR contains four conserved elements, and, using transgenic zebrafish and either fall behind or they actively leave the PGC cluster. In the latter case, PGCs frequently circle and return to the Xenopus oocyte injection assay, we show that one of these conserved elements is sufficient for RNA localtheir initial position within the cluster ( Figure 6B ). PGCs that are within a cluster appear to explore their surroundization to the germ plasm. To understand the mechanism by which this conserved element in the zebrafish vasa ings with cell protrusions, move around one another, and appear to touch each other transiently by filipodia RNA is localized to the germ plasm in Xenopus, we compared the germ plasm localization signals of these ( Figure 6A and Movie 6). In summary, PGCs appear to use general morphogenetic cell movements to reach the two species. In Xenopus, the RNAs of Xcat-2, a nanos 3ЈUTR [32, 33, 35] . The localization elements of Xdazl and DEADsouth have not been reported but are likely that each of these 3ЈUTRs is recognized by different trans-acting factors, we believe that the competence of to reside within the 3ЈUTR. Comparing these localization signals to the zebrafish vasa localization element, we the Xenopus RNA localization machinery to recruit vasalike transcripts from distant organisms reflects a general cannot detect definite similarities in primary or secondary structure. However, we find weak homologies to conservation of this machinery in lower vertebrates. The observation that the vasa 3ЈUTR contains three the zebrafish localization element scattered over 450 nucleotides in the 3ЈUTR of DEADsouth. Using the Xenoadditional conserved sequence elements besides the 180 nucleotide localization element raises the question pus oocytes injection assay, we find that this 450 nucleotide region is sufficient for vegetal localization, demonif they are also important for RNA localization. Although the zebrafish vasa RNA localization element is sufficient strating that this region contains a functional localization element. Although the sequence homologies are weak for localization in Xenopus oocytes, we find that localization is more efficient if additional conserved elements within this region, it is nonetheless likely that the zebrafish localization element is recognized by the same maare present (compare Figures 3I and 3Q) . However, neither the first element nor the last two conserved domains chinery responsible for localization of the endogenous are sufficient for localization in the absence of the secpected observation that vasa RNA is not localized in embryos of all teleost species. We find that euteleosts ond localization element. This suggests that these sedo not localize vasa RNA during oogenesis and blastula quences bear accessory functions, such as RNA anstage embryogenesis even though they express vasa choring or translational control. We find that the first specifically in PGCs during later stages of development. two elements (nucleotides 1 to 334) and the last three Since we find that maternal vasa RNA is localized in conserved elements (nucleotides 157 to 642) in the zeoocytes of a basal species, we conclude that the loss brafish vasa 3ЈUTR are sufficient to localize and initiate of vasa RNA localization in euteleosts occurred after the translation in transgenic zebrafish indistinguishable from euteleosts and ostariophysan clades separated. This endogenous vasa transcripts, while the most 5Ј conconclusion is supported by our finding that euteleosts served region alone does not suffice. This suggests that lack both a functional localization element and the conthe second element which contains the localization sigserved 180 nucleotide zebrafish localization signal in nal also has a function in translational control, although their vasa 3ЈUTRs, suggesting that the absence of such a we cannot exclude the possibility of redundant translalocalization element is the reason for the loss of maternal tional control elements.
vasa RNA localization in euteleosts. However, another possibility is that the RNA localization machinery changed Evolution of vasa RNA Localization in Teleosts during the separation of euteleosts and ostariophysans Our comparative approach to identify putative vasa RNA such that the vasa RNA localization element is no longer recognized. One way to distinguish between these hypothlocalization elements in the vasa 3ЈUTR led to the unex-eses is to test whether medaka embryos are still able migrate from the level of the second somite to the level of the eighth somite [15] . The observation of migrating to recognize and recruit transcripts that contain the zebrafish vasa RNA localization element.
PGCs in live embryos indicates that there exist several guidance cues that help PGCs find their way to the future Moreover, the observation that euteleost fish do not need to localize maternal vasa RNA to the germ plasm site of the gonads. Clearly, the region where the first two somites will form provides an attracting molecule to specify their germline raises the question if targeted vasa gene expression to the germline is essential for as PGCs actively move to this region of the embryo [15] . This is supported by the observation that PGCs which germline specification in ostariophysans. Since vasa homologs are required for germ cell formation in Caenobecome separated from the PGC cluster frequently return to this intermediate target. Moreover, PGCs which rhabditis and Drosophila and for male germ cell proliferation in mice [1-3, 7, 8, 36, 37 vasa RNA from degradation in presumptive PGCs.
The 3Ј untranslated region was amplified by 3ЈRACE using taq polymerase (Amersham-Pharmacia) (94ЊC for 1 min, 58ЊC for 1 min, 72ЊC for 3 min, and 30 amplification cycles) and two nested primer pairs.
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We used the sense primers 5Ј-TCGGCAGAGGAAAGGTGG-3Ј and where the first two somites will form. Second, PGCs
